Abstract The effect of UV-C treatments (0.32, 0.97, 2.56, 4.16 and 4.83 , respectively) was observed. At the end of the storage, Ctr samples showed ca. 4 Log 10 of mesophylic load, and the samples treated at 0.97 and 4.83 kJ.m −2 revealed the lowest microbial load (1.9 and 3.2 Log 10 , respectively). These results indicate that UV-C radiation, at an appropriate dose, combined with low storage temperature (10°C) are an effective method to preserve the postharvest life of tomato, without adversely affecting quality parameters.
Introduction
Developing newer techniques and technologies in order to improve postharvest longevity of horticultural crops has always been a challenge to researchers. With the application of adequate technology to prevent deterioration after harvest, and considering the biochemical characteristics of the produce, postharvest losses can be reduced significantly. A treatment that could activate the mechanisms of the plant against the senescence can be a useful method in the preservation of fresh crops. One example of such technology is UV-radiation.
UV-radiation has been classified as UV-C (200-280 nm), UV-B (280-320 nm) and UV-A (320-400 nm). UV-A and B are present in the ultraviolet light of the atmosphere, while UV-C is blocked from reaching the earth's surface (Gómez-López 2012) . Each band can induce significantly different biological effects on crops (Bintsis et al. 2000; Shama 2007 ). Most of the information on the biological effects of UV-radiation is derived from experiments using artificial UV-C, particularly 254 nm radiations (Bintsis et al. 2000) .
Ultraviolet-C radiation is widely used as an alternative strategy to control microorganism in food products (Nigro et al. 1998; Stevens et al. 1999; D'hallewin et al. 2000; Djenane et al. 2001; Shama and Alderson 2005) . Microorganisms that are exposed to UV light are affected at the DNA (deoxyribonucleic acid) level (Terry and Joyce 2004; PerkinsVeazie et al. 2008) . Thus, the injured reproduction systems of cells lead to their death (Guerrero-Beltrán and BarbosaCánovas 2004) .
Low levels of this stressor may also stimulate other beneficial responses in horticultural crops, a phenomenon known as hormesis (Gómez-López 2012) . The use of UV-C radiation as a postharvest elicitor of beneficial responses in these products has become a key area of interest. However, the mechanisms by which such changes take place have not been fully described. The potential of UV-C was also used to extend the shelf-life of various fruit and vegetables, such as strawberry and blueberry (Allende et al. 2007; Perkins-Veazie et al. 2008; Pombo et al. 2009; Cote et al. 2013) , fresh-cut pineapples (Pan and Zu 2012) , fresh-cut melon (Manzocco et al. 2011) , broccoli (Costa et al. 2006; Lemoine et al. 2010; Martínez-Hernández et al. 2011) , mushrooms (Jiang et al. 2010) , fresh-cut carrot (Alegria et al. 2012 ) and spinach (Escalona et al. 2010; Gómez-López et al. 2013; Karaca and Velioglu 2014) . Moreover, it has been reported that these abiotic stresses may enhance the nutraceutical content of fresh fruit and vegetables (Cisneros-Zevallos 2003) . However, a reduction of vitamin C content immediately after UV-C treatment in freshcut pineapple, banana and guava was reported by Alothman et al. (2009) . Total dosage (energy per unit area) is a main factor determining fruit and vegetable responses to UV-C , but the intensity of the radiation (dose per unit time) may also determine treatment outcome.
Other advantages when applying UV-C radiation are that the equipment is relatively inexpensive, the technique is easy to use, lack of residual compounds and avoids the use of chemicals that can cause ecological problems and/or are potentially harmful to humans (Allende and Artés 2003; López-Rubira et al. 2005) .
To our knowledge, for the tomato fruit Charles et al. (2008 and ) in a comprehensive study showed that susceptibility of tomato fruit to Botrytis cinerea increased immediately after UV-C treatments, and Liu et al. (2011) studied gene expression of tomato fruit in response to postharvest UV-C irradiation. They concluded that this treatment can induce the expression of a number of defence response genes, and suppress the expression of major genes involved in cell wall disassembly, lipid metabolism and photosynthesis. These gene changes underline the biochemical and physiological changes induced by UV-C, such as increased defence ability, delayed softening, better maintenance of nutritional and sensory qualities and extension of shelf-life in tomato fruit. Other studies on radiated tomato fruit were performed to improve lycopene content (Liu et al. 2009) , to investigate the possibility of delaying the fruits senescence (Maharaj et al. 2010) , and to evaluate the impact on enzymic and non-enzymic phytochemicals (Maharaj et al. 2014) . Nevertheless, there has been little research conducted about the effect of UV-C postharvest treatments on tomato (Solanum lycopersicum, cv. Zinac), ripening process and corresponding physical-chemical and microbiological parameters related to this fruit quality. Tomato cv. Zinac, is an important cultivar widely grown in Portugal for the fresh market (Anuário Vegetal 2003) . Fruits of this cultivar exhibit attractive characteristics to the consumer, such as bright colour and intense flavour, and the texture changes during postharvest result in more juicy and farinaceous fruits (Reis et al. 2005) .
The aims of this work were to select an appropriate UV-C dose for whole tomato, and to evaluate the effect on physicalchemical and microbiological quality under low-temperature storage.
Materials and methods

Plant material
Tomato (Solanum lycopersicum, cv. Zinac) fruits at green maturity stage, according to the USDA standard tomato colour classification (USDA 1991), with uniform size and without bruises or signs of infection were obtained from a commercial greenhouse Carmo & Silvério in centre west of Portugal. An initial physicalchemical properties and microbial characterization of tomato fruits without any treatment (untreated, Ctr samples) was done, to provide a baseline comparison to the UV-C treatments effects, and results are shown in Table 1 .
UV-C treatments and storage conditions UV-C treatments were conducted in a closed box (43 cm (w) × 50 cm (l) × 24 cm (h)) equipped with two germicidal lamps (TUV 15 W/G15 T8, Philips, Holland), emitting at 254 nm and placed 10 cm above tomato fruits. The box was covered with aluminium foil to promote a homogeneous light distribution. Prior to use, UV-C lamps were stabilized by turning them on for 15 min. Whole tomatoes were placed in a single layer on the illumination area at the fixed distance and rotated manually (180°) in order to ensure total UV exposure. The tested UV-C intensity was measured by a photo-radiometer (DELTA OHM LP9021 UVC), giving corresponding doses of 0. 32, 0.97, 2.56, 4.16 and 4.83 
, after exposure times of 1, 3, 8, 13 and 15 min, respectively. After treatments, both samples (UV-C treated and Ctr samples) were evaluated during storage at 10±0.5°C (FITOCLIMA S 600 Pharma, Lisboa, Portugal) at 0, 9 and 15 days (Pinheiro et al. 2013 ).
Colour
Tomato colour was evaluated using a tristimulus colorimeter (Minolta chroma Meter, CR-300, Osaka, Japan), measuring the CIEL*a*b* parameters. The instrument was calibrated using a white standard tile (L*=97.10, a*=0.19, b*=1.95), and the illuminate C (10°observer). L* values represent the luminosity of samples (0-black to 100-white), and a* and b* values indicate the variation of greenness to redness (−60 to + 60) and blueness to yellowness (−60 to +60), respectively. From the CIELab coordinates, hue angle (°h=arctg (b*/a*)) was calculated. Four determinations for each fruit were performed in the equatorial zone. Sixteen measurements were determined per treatment condition.
Texture
Tomato texture was determined by a penetration test with a Texture Analyzer (TA.HDi, Stable Microsystem Ltd, Godalming, UK), using a 50 N load cell and a stainless steel cylinder probe with a 2 mm diameter. The penetration test was performed at a speed of 3 mm.s −1 and 7.5 mm of penetration distance in the equatorial zone of the fruits. Force-distance curves were recorded and firmness (maximum peak force (N)) was used as indicator of texture. Firmness was measured after holding tomato at room temperature for 2 h, to avoid interference from storage temperature on the determination. Sixteen measurements were taken for each treatment conditions.
Weight loss
Tomato weight loss was measured according to Dijk et al. (2006) . A batch constituted by five fruits per day of analysis was weighted. After weighting, tomatoes were put back to original storage conditions. The weight loss was calculated relative to the weight at day zero (t=0).
where W 0 is the average weight of the first batch (three replicates) at day 0 and W t is the average weight of the same batch at day t.
Total phenolic content
Tomato total phenolic content (TPC) was determined using the Folin-Ciocalteau reagent (Singleton and Rossi 1965) . Samples (10 g) were homogenized in 70 % aqueous methanol (10 ml), using a Yellow line DI 25 basic polytron (IKA-Labortechnik, Stauten, Germany), and centrifuged (Sorvall RC-5, rotor SS34, DuPont, Wilmington, United States) at 19,000 rpm for 20 min at 4°C and the supernatant collected. One hundred microliter of supernatant was mixed with 5 ml of Folin-Ciocalteau (1/10, v/v) and 4 ml of Na 2 CO 3 (7.5 %, w/v). The mixture was placed in a water-bath (45°C for 15 min) and the absorbance measured at 765 nm in an ATI Unicam UV/VIS UV4 spectrophotometer (Unicom Limited, Cambridge, United Kingdom), using gallic acid as a standard. Results (six replicates) were expressed as milligram gallic acid equivalents (mg GAE.100 g −1 ) of fresh weight.
Microbial load
Total mesophylic count was performed according to ISO 4833 2003 . Ten g of sample was mixed with 90 ml peptone saline solution in a sterile stomacher bag and homogenized for 1 min using a Stomacher. Dilutions were made in peptone water as needed for plating. Plate Count Agar was used as the media for total mesophylic counts pour plate, incubated at 30°C for 3 days.
Statistical analysis
Analysis of variance (ANOVA), followed by Tukey test (P≤ 0.05), was performed on the data using Statistica™v.7.0 Software from Stasoft (StatSoft Inc. 2004) .
Results and discussion
Colour
The a* value of a typical tomato fruit will increase as the ripening process progresses and the tomato becomes redder (Jagadeesh et al. 2011) . Tomato colour (a* and°h values) were influenced by UV-C treatments as shown in Fig. 1 . At day 0, all samples were described as green colour, due to low a* and corresponding high°h values. Of all UV-C treated samples, the intensities of 0.97 and 4.16 kJ.m −2 led to a no significant (P>0.05) reduction of a* value, −10.6 and −10.9, respectively, compared to Ctr sample value (−9.4). After 9 days at 10°C, a significant (P <0.05) increase was observed on untreated samples (Ctr) reaching to the highest a* value of 9.7, which represents the redder colour on tomato surface. On the other hand, all UV-C treated samples denoted lower a* and higher°h values. At the end of storage (15 days), Ctr sample and UV-C treated at 2.56 kJ.m −2 showed an increase of red colour development. Noting the evolution ), both separately and in combination, on colour of tomato fruits at breaker ripening stage at room temperature. Results showed that UV-C treated samples had higher°h values (ca. 70°) after 7 days of storage compared to untreated fruit (ca. 60°). These changes are in agreement with our results, meaning that UV-C treatment lead to greenness and less red fruits compared to the non-treated. Also, Liu et al. (2009) showed a beneficial effect in retarding tomato senescence, after UV-C treatment at a higher dose (13.7 kJ.m ) on colour of cherry tomatoes. They concluded that tomato colour was not significantly different (P>0.05) among treatments during storage, and for this reason the combined treatment could be useful in quality preservation. Vicente et al. (2005) also found higher°h values on UV-C treated peppers than those of control fruits during storage at 10°C.
Texture
Exposing tomato fruits to UV-C treatments delays fruit softening, one of the main factors determining fruit postharvest life (Ribeiro et al. 2012) . Changes in tomato firmness of untreated and UV-C treated along 15 days of storage at 10°C are presented in Fig. 2 ), a slightly higher firmness of 9 and 8 % (P>0.05), respectively, was observed. The increased firmness of UV-C treated fruits during storage could be associated with activation of pectinmethylesterase (PME) and subsequent formation of calcium pectates (Barka et al. 2000; Hemmaty et al. 2007) , and by reduction in activities of cell wall degrading enzymes (Khademi et al. 2013 ).
This behaviour is consistent with the study developed by Pombo et al. (2009) in the enzymatic activities and proteins involved in cell wall disassembly.
Weight loss
In the course of the present study, an increase on weight loss of all samples (untreated and UV-C treated) was observed, as presented in Fig. 3 . The Ctr samples showed a significantly (P<0.05) increase of weight loss, reaching values of ca. 9 and 14 %, after 9 and 15 storage days, respectively, at 10°C. Untreated fruits reached the shelflife limit defined by Getinet et al. (2008) (WL=10 %) on 9 th storage day. In contrast, this value was only reached by the UV-C treated with 0.97 kJ.m −2 at the end of storage, after 6 days in comparison with Ctr samples, showing an extension of shelf-life fruits. However, comparing the weight losses of UV-C treated samples at the end of storage, the UV-C intensity of 0.97 kJ.m −2 presents the highest value. The increase of fruits weight losses results from physiological phenomena like transpiration and respiration rates. Daiuto et al. (2013) reported that higher intensity of UV-C radiation could be effective in delaying respiration rate, which retards the increase of fruits weight losses. The lower UV-C intensity of 0.97 kJ.m −2 is not sufficient for delaying the metabolic degradation processes and for this reason the UV-C treated samples at this intensity presented the highest weight loss at the end of storage. The lowest value of weight loss verified on all UV-C treated samples during storage period had beneficial effects mainly on fruits appearance visual evaluation (data not shown). However, in a study developed by Cote et al. (2013) , a weight lost of 6 and 11 %, after 3 and 5 days, respectively, was observed on untreated strawberries during storage at 10°C, and similar values were encountered in UV-C treated samples with low intensity (dose of 4 kJ.m −2 with radiation intensity of
).
Total phenolic content
Crude extracts of fruits and vegetables are rich in phenolics and they retard oxidative degradation of lipids and thereby improve the quality and nutritional value of products (Aberoumand and Deokule 2010) . Initial value of fresh tomato (cv. Zinac) at mature-green of maturity stage was 24.7± 0.8 mg GAE.100 g −1 (Table 1) ). After UV-C treatment a no significant (P>0.05) reduction on total phenolic content (TPC) was found in all tomato samples (Fig. 4) . The highest UV-C intensity (4.83 kJ.m ) was found to significantly (P<0.05) reduce the TPC, as compared to untreated fruits. At the 9 th day of storage, all UV-C treated samples showed an increase of TPC compared to content determined on the first storage day. Also, the phenolic content of UV-C treated tomato at 0.32 kJ.m −2 was 55 % higher than observed on Ctr samples (21.0 mg GAE.100 g
−1
). However, by the last day of storage, the TPC of all UV-C samples reached a similar value (P>0.05) to Ctr samples (28.2 mg GAE.100 g
). UV-C treatment has been associated with enhancement of bioactive compounds, such as vitamins, carotenoids and phenolic compounds, in several fruits and vegetables, e.g. tomatoes (Jagadeesh et al. 2011; Maharaj et al. 2014) , strawberries (Pombo et al. 2009; Tsormpatsidis et al. 2011) , carrots (Heredia and Cisneros-Zevallos 2009; Alegria et al. 2012) , and broccoli (Lemoine et al. 2010 ; There is strong evidence that the DNA-damaging effect of UV light induces the accumulation of UV-light-absorbing flavonoids and other phenolics, predominantly in the epidermal tissues of the plant body (Bravo et al. 2013 ). An important flavonoid phenolic compound in tomato is the flavonols, which are restricted almost entirely in the skin. The penetrating ability of UV-C radiation is limited to the outer pericarp and an increase in phenolic compounds, mainly in the skin, is to be expected with less impact on more inner tissue (Jagadeesh et al. 2011) . Moreover, the increase of total phenolic content after UV-C treatments could be considered an adaptation mechanism of tomato due to UV-stress, which promotes the enzymatic activity of phenylalanine ammonia-lyase, a key enzyme in the production of phenylpropanoids, leading to an increase of phenols, phytoalexins, and lignins (Ryalls et al. 1996) . On the other hand, the reduction on phenolic compounds can be the result of UV-C radiation action on phenylpropanoid pathway responsible for phenolics synthesis (Ke and Saltveit 1989) , or due to polyphenoloxidase enzymatic activity that oxidizes phenolics into quinones polymers (Kim and Jung 2011) . 
Microbial load
One of the many advantages of UV-C treatment application was the inactivation/elimination of microbial load and this has been attributed to photochemical lesion induced on microorganisms DNA and RNA, resulting in the inability to perform regular transcription and replication of nucleic acids and normally the cell dies (Bolton and Linden 2003; Unluturk et al. 2008) .
Before UV-C treatment, the microbial load for total mesophyles was 2.15 Log 10 cfu.g −1 (Table 1) . Immediately after treatments at 0.97 and 4.16 kJ.m −2 the achieved microbial reduction between samples was similar (0.6 Log 10 ), and at 2.56 kJ.m −2 a 1.2 Log 10 reduction was attained (Fig. 5) . Nine days after UV-C treatment, the microbial population of UV-Ctreated samples with the highest intensity (4.16 and 4.83 kJ.m −2
) was ca. 1 Log 10 lower than the control fruits (2.53 Log 10 ). Similar reduction was attained by Kim et al. (2008) in fresh-cut tomato (cv. Durinta) treated with UV-C intensity of 9.6 and 19.2 kJ.m −2 after 3 days of storage at 10°C. At the end of storage, untreated samples showed the highest mesophylic load (ca. 4 Log 10 ), and UV-C treated samples at 0.97 and 4.83 kJ.m −2 revealed the lowest microbial load, 1.9 and 3.2 Log 10 , respectively. The inferior microbial development found in UV-C treated samples at lower dose of 0.97 kJ.m −2 support that UV-C treatment could be an effective decontamination alternative to microbial control in fresh tomato. UV-C treatment results on the synthesis of a number of anti-fungal compounds (phytoalexins, flavonoids, phenolic acids, lignin, catalase, peroxidase, ascorbate peroxidase and phenylalanine ammonia-lyase) which retard fungal growth and decrease disease incidence severity (Khademi et al. 2013) . Martínez-Hernández et al. (2011) found that low intensity of UV-C (1.5, 4.5 and 9.0 kJ.m −2 ) induced a higher reduction on microbial development in fresh-cut broccoli, compared to UV-C treatment of 15 kJ.m −2 . It seems that highest UV-C intensities can be responsible for damage increase of superficial tissues, allowing the release of nutrients for microbial growth (Artés et al. 2009 ). However, our results do not always coincide with this statement.
Conclusion
The results show that UV-C treatment must be considered as postharvest treatment of fresh whole tomato fruits (Cv. Zinac). It seems that low intensity of UV-C treatment (0.97 kJ.m −2 ) retained the two main important quality attributes of fresh tomato (colour and texture) and retarded the natural microbial growth, during storage at 10°C. It should be useful to revaluate this singular condition or to integrate it with other effective postharvest treatments to ensure tomato quality for longer periods. Moreover, our results suggest that UV-C treatment could be used as a pre-treatment, as a tool to enhance health promoting bioactive compounds such as phenolic content. However, further studies are needed to optimize UV-C treatment conditions for tomato (Cv. Zinac), for improving fruit quality and at the same time enhance phenolic content. This may greatly benefit human health and can extend the shelf-life of tomato fruits. 
